). Further analyses from sub-sampling of ENSO years, with normal (<1-σ), and abnormal (>1-σ) NAI over northern India respectively show that the EHP may lead to an amplification of the Indian summer monsoon response to ENSO forcing, particularly with respect to the increased rainfall over the Himalayan foothills, and the warming of the upper troposphere over the Tibetan Plateau. Our results suggest that absorbing aerosol, particular desert dusts can strongly modulate ENSO influence, and possibly play important roles as a feedback agent in climate change in Asian monsoon regions.
Introduction
Atmospheric aerosols, clouds and precipitation are key building blocks of the energy and water cycles of the earth's climate system (Haywood and Boucher 2000; Ramanathan et al. 2001; Bellouin et al. 2005; Wang 2013) . Recently, an increasing body of studies have shown that absorbing aerosols such as black carbon and dust, most abundant in monsoon regions, play an important role in the radiation energy balance of the atmosphere and at the earth surface, with profound impact on the large scale circulation and rainfall in monsoon regions (Jacobson 2001; Chung et al. 2002; Menon et al. 2002; Ramanathan et al. 2005; Chung and Ramanathan 2006; Bollasina and Nigam 2011; Manoj et al. 2011; Cowan and Cai 2011; Ganguly et al. 2012; Bollasina et al. 2013 , Vinoj et al. 2014 Lau 2014) .
Specifically for the Indian monsoon, Ramanathan et al. (2005) showed that reduction in surface solar radiation, due to the absorption and scattering of incident solar radiation by aerosols, i.e., the solar dimming (SDM) effect, cools the northern Indian Ocean, reduces evaporation and meridional sea surface temperature gradient, resulting in a weakening of the local Hadley cell circulation, and reduction of the Indian summer monsoon precipitation. proposed the Elevated Heat Pump (EHP) effect, i.e., atmospheric heating by absorbing aerosols (dust and black carbon) over northern India during the pre-and early monsoon season induces atmospheric feedback processes leading to increased monsoon rainfall and earlier onset of monsoon rain over northern India and the Himalayan foothills. Since the study, a number of modeling studies reported findings that are generally consistent, albeit varied in details, with the EHP, i.e., absorbing aerosols can increase rainfall in the early monsoon (April-June) over India. Meehl et al. (2008) showed further that the earlier monsoon rainfall increase due to black carbon aerosol heating could lead subsequently to a weakening of peak monsoon, through cloud and land surface feedback processes. Using a threedimensional aerosol climate model (Kim et al. 2008 ) based on the Community Climate Model version 3 (CAM3) of the National Center of Atmospheric Research (NCAR), Wang et al. (2009b) showed that absorbing anthropogenic aerosols could shift convective precipitation northward over the Indian subcontinent, particularly during the onset season, via an increase in moist static energy in the sub-cloud layer. Using the NCAR Community Atmosphere Model CAM3, Collier and Zhang (2009) found that tropospheric shortwave heating over central India due to absorbing aerosols could increase convective instability during the pre-monsoon season (March to May), enhancing deep convection and rainfall, but suppress rainfall during the subsequent June-July period. Randles and Ramaswamy (2008) showed that an enhanced monsoon circulation associated with increased absorbing aerosol optical depth (AOD) results in increases of low-level convergence, upward motion, atmospheric water vapor, low-level cloud amount, and precipitation (particularly evident and statistically significant in the high optical depth regime), indicating that the increase of low level convergence and in upward motion overcome the stabilizing effects of absorbing aerosols resulting in enhanced monsoon circulation and precipitation in northwestern India. Furthermore, Ganguly et al. (2012) investigated the time-scale dependent responses of the South Asian monsoon to anthropogenic aerosol forcing using the Community Atmosphere Model (CAM5) with a fully predictive aerosol life cycle. They demonstrated that the slow response associated with sea surface temperature (SST) changes is generally stronger than the fast atmospheric response. However over the northern India (>25°N), the fast response could be more important. Ganguly et al. (2012) also emphasized that both the SDM and EHP effects as well as the microphysical aerosol effect are important for altering the Indian monsoon. Using the Geophysical Fluid Dynamic Laboratory (GFDL) climate model with fully interactive aerosols and chemistry, Bollasina et al. (2013) showed that an earlier onset of the Indian summer monsoon has been induced by the direct global aerosol effect during the second half of the 20th century, emphasizing the importance of dynamic feedbacks and regional land-surface processes in aerosol-monsoon interactions. More recently, using satellite data and the Community Atmosphere Model (CAM5) model, Vinoj et al. (2014) found that heating of the atmosphere by dust aerosols over the Arabian Sea, transported from West Asia, and Arabian Peninsula may increase the influx of water vapor into India, inducing large-scale convergence and enhance monsoon rainfall over northeastern India on weekly time scales.
The number of observational studies of effects of aerosols on the large-scale Indian monsoon is also growing. Based on the interannual variability of the TOMS aerosol index (AI), found an increase in absorbing aerosol loading over the Indo-Gangetic Plain (IGP) in the pre-monsoon season is associated with anomalous warming related to an anomalous anticyclone circulation in the upper troposphere over the Tibetan Plateau from May to June. As a result, the monsoon season is advanced and rainfall increases in northern India during May-June, consistent with the EHP. Bollasina et al. (2008) emphasized that the excessive absorbing aerosol loading over the Indo-Gangetic Plain (IGP) during May could lead to a reduction in clouds and precipitation due to the semidirect effect. The reduction in clouds increased solar radiation at the surface, and amplified the land-sea contrast, which in turn lead increase of monsoon precipitation over India in June-July. Gautam et al (2009a, b) and provided observational evidence of a multi-decadal warming trend in the mid-and upper troposphere over northwestern India, that is consistent with atmospheric heating due to accumulation of absorbing aerosols over northwestern IGP and the Himalayas. Based on historical data, found a 40-year trend of increased rainfall in May-June over northern India that can be attributed to increased aerosols over the IGP. On intraseasonal time scales, Manoj et al. (2011) found that atmospheric heating by absorbing aerosols over central India during long breaks can create a large meridional temperature gradient at low levels between aerosol-rich central India and the pristine equatorial Indian Ocean. They showed that active spells are produced due to the pronounced moisture convergence and deep convection in central India, suggesting that induced positive dynamical feedback can overcome the stability effect caused by solar dimming and possible indirect effects.
While the aforementioned observational studies generally supporting the key premise of the EHP, aspects of the EHP hypothesis remain controversial (Kuhlmann and Quaas 2010; Nigam and Bollasina 2011; Lau and Kim 2011) . Observational validation of EHP impact on the monsoon is challenging, because EHP involves not only increased aerosol radiative heating, but also dynamical feedback processes both of which are likely to be strongly influenced by ENSO. The challenge is compounded by the fact that (a) monsoon dynamical feedback processes are inherently chaotic, requiring long-term (multi-decadal) data to enhance signal-to-noise ratio, and (b) global scale aerosol information rely heavily on satellite data which have a much shorter record (consisting of data segments from heterogeneous measuring instruments with different orbital characteristics), relative to traditional meteorological observations over the Indian monsoon region. Up to now, there has been no observational study that aims at separating aerosol impact relative to ENSO, and possible modulation of ENSO influence by EHP on monsoon responses. This study represent a best-effort attempt, using available satellite aerosol information, in conjunction with rainfall, winds, water vapor, and SST from reanalysis, to provide observational evidence suggesting significant modulation by EHP, on ENSO influence on the Indian monsoon.
Data and methods
To maximize the length of the data record, we use four different aerosol datasets to establish the reference time series of aerosol loading for the 33-years base period chosen for this study. The datasets are (1) NASA total ozone mapping spectrometer (TOMS) aerosol index (AI), (2) Earth Probe (EP) TOMS AI, (3) moderate resolution imaging spectroradiometer (MODIS)/Aqua, aerosol optical depth (AOD), and (4) MODIS/Terra AOD. TOMS AI and EP TOMS AI with horizontal resolution of 1° by 1.25° are used for the period 1979-1992 and the period 1997-2001, respectively. Positive AI values indicate absorbing aerosols while negative or small AI values indicate non-absorbing aerosols and clouds (Torres et al. 1998; Hsu et al. 1999) . MODIS/Terra and MODIS/Aqua with horizontal resolution of 1° by 1° are used for the period 2000-2011 and the period 2003-2011, respectively. MODIS is a key instrument aboard the Terra and Aqua satellites to viewing the entire Earth's surface every 1-2 days, acquiring data in 36 spectral bands. Terra's orbit around the Earth is timed so that it passes from north to south across the equator approximately at 10:30 in the morning, while Aqua passes south to north over the equator approximately 1:30 in the afternoon with a sun-synchronous, near-polar, circular orbit (http://modis.gsfc.nasa.gov/about/). For the overlapping period of Aqua and Terra from 2003 to 2011, the arithmetic average of two AOD values i.e., the mean AOD from each satellite, are used to reduce the bias caused by the different satellite crossing times. For the period 1979-1992, TOMS AI and for the period 1997-2002, EP TOMS was used respectively. A data gap exists during 1993-1996 due to transition of satellite missions from TOMS to EP TOMS. To homogenize the data record for the study period, each dataset is normalized with its standard deviation (Peterson et al. 1998 ). The normalized data are used to determine years with relatively high and low aerosol loadings within for composite analysis. This process partially alleviates the limitations of the discontinuous data. Note that linear trend in each datasets is not removed because total period of each datasets is too short to consider the linear trend and thereby prevent distorting variability from raw data by artificial removing of linear tend for short period. In the following, the standardized aerosol loading data are referred to as the normalized aerosol index (NAI). GPCP (Global Precipitation Climatology Project) precipitation data (Adler et al. 2003; Huffman et al. 2009 ) and Nino 3.4 SST data (Smith et al. 2008 ) are used for the same period as the aerosol data. Temperature, water vapor and winds are from MERRA (Modern Era Retrospective-Analysis for Research and Applications) reanalysis data (Rienecker et al. 2011 ).
Aerosol, rainfall and ENSO relationships
In this Section, we discuss the background information regarding aerosol, rainfall and ENSO relationships to provide the rationale for the approach and methodology used in this study. Figure 1 shows the climatological AI distribution over the greater South Asian monsoon region during the pre-monsoon period from April-May. High aerosol concentrations (high AOD) are found over the Middle East/ West Asia, and the Indo-Gangetic Plain (IGP) of northern India. The aerosol concentration decreases rapidly toward southern portions of the Arabian Sea, the Indian subcontinent, the Bay of Bengal and the Indian Ocean. Over Middle East/West Asia, the aerosols comprise mostly of desert dusts. The interannual variation of aerosol over Northern India is highly correlated with high AOD over desert regions of northwestern India and the Arabia Sea, where the dominant aerosol species are dust and sea salt. This is consistent with recent studies (Vinoj et al. 2014; Lau 2014 ) that on interannual time scales, AOD variation over the northern India is mostly due to transport of dust and sea salt from the Middle East deserts across the Arabian Sea to northern Indian. Over the IGP, the aerosols consist of mostly black carbon (BC) from biomass burning, and from industrial emissions, as well as desert dust transported by monsoon winds from the Middle East and West Asia (Vinoj et al. 2014; Lau 2014) . The transport of these aerosols is blocked by the Himalaya foothills. As a result, high aerosol concentration is build up to great heights over the IGP (Gautam et al. 2010) . Both BC and dust are light absorbing aerosols that can cause heating of the atmosphere. Moreover desert dust over northern India, especially when coated with BC during transport over northern India, can be very absorbing (Ramanathan and Carmichael 2008; Ramana et al. 2004) . The large north-south gradient of absorbing AOD distribution will induce strong differential heating, and tropospheric temperature gradient between northern Indian and region to the south. The increase in this temperature gradient is essential for triggering the EHP feedback . The interannual variability of aerosol loading, which is strongly influenced by changing winds and precipitation, is known to be largest over the IGP (Bollasina et al. 2008; Gautam et al. 2009a; Singh et al. 2004; Sanap and Pandithurai 2014) . The NAI averaged for April-May and over a large region [70°-90°E, 20°-35°N] over northern India (shown as rectangular box in Fig. 1 ), is used as the reference time series (Fig. 2a) for composite analysis. High and low aerosol years are distinguished according to ±1σ from the NAI time series. Five high NAI years (i.e., 1988, 1991, 2000, 2004, and 2008) and five low NAI years (i.e., 1982, 1983, 1996, 2005, and 2007) were selected for composite analysis with regard to EHP effect on the Indian monsoon. Hereafter, these years are referred to as EHP years. Figure 2b shows the spatial distribution of the difference in Terra AOD between high years and low years during April-May, indicating clearly that high aerosol concentrations (high AOD) are found over the broaden regions from the northern portions of the Arabian Sea to the Indo-Gangetic Plain (IGP) of northern India. The much higher AOD over the northern Arabian Sea and desert regions of northwestern India, compared to the densely populated region of the central, and eastern IndoGangetic Plain, is an indication that the primary source of aerosols is likely desert dusts transported from the deserts of Middle East, West Asia and northwest India, as found in previous studies (Vinoj et al. 2014; Lau 2014) . Note that some EHP years are also ENSO years. A discussion of a methodology to separate EHP and ENSO effects follows.
It is common knowledge that aerosol loading and precipitation are inversely related locally. Aerosols build up under dry, stable and low-wind conditions but are washed out by wet deposition in heavy rain events. It is also well known that Indian monsoon rainfall is affected by ENSO (Rasmusson and Carpenter 1983 , and many others). However most previous studies of monsoon-ENSO relationship are focused on monsoon rainfall during June-July-August. For aerosol impact on monsoon, the building up of aerosols during pre-monsoon period (April-May) before the onset of heavy monsoon rain is critical . Figure 3 shows the correlation pattern between the negative NINO 3.4 index and precipitation in April-May over the greater South Asian monsoon region. From the signs of the correlations, reduced rainfall is found over a large area that spans the Arabian Peninsula, West Asia and the northwest region (1988, 1991, and 2000) distribution for the high aerosol index (AI) years and representative area for the selected cases (black box) of the Indian subcontinent during April-May in La Nina. Increased rainfall is found over large regions of the Indochina Peninsula, the southern South China Sea and the Bay of Bengal, as well as over southwestern Indian subcontinent and the southern Arabian Sea. From an aerosol forcing point of view, it is important to note that during La Nina, large parts of northwestern India, West Asia and Saudi Arabia are drier, i.e., less wet deposition and therefor more favorable for higher aerosol loading. This relationship is consistent with results reported for winter season (Dimri 2012) . Note that this is only a necessary but not sufficient condition for increased aerosol loading. Other factors, such as proximity to aerosol sources, wind strength and direction, atmospheric stability, humidity, and topographic effects need to be taken into account for increased aerosol loading.
The relationship between ENSO and aerosol loading over northern India in April-May can be seen in the scatter plot of Nino 3.4 index and NAI (Fig. 4) . Here, El Nino years are identified with Nino 3.4 SST > 0.4 °C, and La Nina years with SST < −0.4 °C. The negative correlation between the Nino 3.4 index and aerosol loading is quite obvious. Three out of 4 years with highest NAI (>1.0) are La Nina years, and four out of 5 years with lowest NAI (<−1.0) are El Nino years. All seven La Nina years exhibiting positive (above normal) NAI, and six out of the nine El Nino years show negative (below) NAI. To investigate the relative impacts of EHP versus ENSO we select a subset of "pure" ENSO years in which the Nino 3.4 index exceeds ±0.4 °C, but with near normal aerosol concentration, i.e., NAI less than ±1.0. As a result, the "pure" El Nino years are : 1987 , 1992 , 1993 -and "pure" La Nina years are: 1984 , 1985 , 1989 . These subsets of La Nina and El Nino years with near-normal aerosol loading will be referred to as "pure" ENSO (PENSO), where EHP effect is minimized. Notice that there is no overlap between PENSO and EHP years, as indicated above. 
PENSO versus EHP effects
Anomalies fields of winds and rainfall (Fig. 5 ) are constructed based on the differences in the mean of the high and the low NAI (high-minus-low) for EHP, and for PENSO (La Nina minus El Nino) years, respectively. In the following discussion, the sign of the anomalies for PENSO refers to the pure La Nina conditions, and for EHP to high aerosol loading over northern India. During May-June, PENSO anomalous low-level westerly winds are found over extended zonal regions near 5°-15°N, stretching from 50°E-120°E (Fig. 5a) . The extended zonal anomaly flow appears to be connected to a large-scale anomalous anticyclone, with a broad region of cross-equatorial flow over the Indian Ocean. Pronounced increased rainfall are found over the same zonal belt across the southeastern Bay of Bengal, the Malaysian Peninsular, and regions further east over the South China Sea. Moderate increased rainfall is found, in conjunction with the development of a weak low-level anomalous cyclonic circulation over northeastern India and the northern Bay of Bengal. Rainfall is also slightly increased over the southern Arabian Sea, off the southwestern coast of India. For EHP (Fig. 5c) , the May-June wind and rainfall anomalies are similar to PENSO, but the centers of action appear to have shifted from Southeast Asia to northeastern India, and the Bay of Bengal. Here, the westerly anomalies are weaker, but broader, expanding from 15°N to the equator, compared to PENSO. Strong cross equatorial flow anomalies are confined to the Somali jet off the coast of East Africa. However, low level winds form a well-organized large-scale cyclonic circulation anomaly, around the Arabian Sea, southern India, and the Bay of Bengal, ending with northeasterlies over northern India and the Himalaya foothills. The EHP impact on rainfall over the India subcontinent appears to be more widespread than PENSO, with enhanced rainfall over the Bay of Bengal, northeastern India extending along the Himalayan foothills to northwestern India, and southern Arabian Sea off the coast of southwestern India. The wind and rainfall anomalies for EHP signify a strengthening of the Indian monsoon in the May-June as found in previous studies Lau et al. 2008) .
The subsequent development of the monsoon in JulyAugust is substantially different between PENSO and EHP events. During PENSO July-August (Fig. 5b) , the anomalous monsoon flow becomes less organized, featuring anomalous anticyclonic circulation center near southeastern Arabian Sea, and increased westerlies across southern India and the southern Bay of Bengal. Relative to May-June, the zone of increased rainfall has shifted northward to the 20°-25°N zonal belt, and anchored to land regions of northern India, Indo-China, and southern China. While rainfall is reduced over the Arabian Sea, and the Bay of Bengal and the Indian Ocean, most regions over northern Indian experience a moderate increase in rainfall. The shifts in anomalous low-level winds and rainfall appear to follow the seasonal northward movement of the monsoon rain belt from early to the mature phase of the monsoon. Overall, for the full seasonal (May-August) mean (not shown), the wind and rainfall patterns indicate a strengthening (weakening) of the Indian monsoon for the La Nina (El Nino) phase of PENSO, in agreement with previous studies (Rasmusson and Carpenter 1983; Kirtman and Shukla 2000; Wang et al. 2001; Wu et al. 2012 ). Our results show additionally that most of the increased rainfall during La Nina is found in the early monsoon season, May-June. On the other hand, for EHP, weak easterly wind anomalies are found over the Bay of Bengal, central and southern Indian subcontinent (Fig. 5d) . Widespread regions of suppressed rainfall are found over India, especially the west and southwest coastal regions. Substantial rainfall suppression is also found over the western coastal region of Indo-China, and the Malaysian Peninsula. These suggest a weakening of the monsoon in July-August. These patterns are consistent with previous modeling results (Meehl et al. 2008; Collier and Zhang 2009 ) and observations of long-term trends of Indian rainfall (Gautam et al. 2009b; , suggesting influence of EHP and related SDM from increased cloudiness induced via EHP atmospheric feedback mechanisms.
To examine the effects of PENSO versus EHP on the meridional circulation during the pre-monsoon period (May-June), the zonal average latitude-height cross-sections of the wind, temperature, and the specific humidity anomalies over the Indian subcontinent (75°-90°E) are shown in Fig. 6 . During PENSO, anomalous southerly (northward blowing) winds developed in the lower troposphere blowing from the Indian Ocean to India as a part of a strong large-scale meridional circulation with strong ascending motion, and warming of the troposphere (maximum ~1.5-2 °C) over northern India and the Himalaya foothills. The meridional overturning is coupled to sinking motion over the equatorial Indian Ocean, and to extensive tropospheric cooling over the Indian Ocean and lower troposphere over central India. Over central India (20°-25°N), a vertical temperature dipole with warming above and cooling below can be discerned. For EHP, the anomalous meridional circulation is similar to PENSO, but with stronger regional modulations. Compared to PENSO, the meridional cell appears to shift further northward against the Himalaya foothills. The EHP anomalous southerlies form a very thick layer of northerly flow in the lower troposphere and penetrate further inland into northern India, culminating in strong ascending motion over the Himalayan foothills. The warming in the upper troposphere is amplified (maximum ~2-2.5 °C) and becomes more widespread over northern India and the Tibetan Plateau. Over central India (20°-25°N) , the vertical temperature dipole anomaly is also enhanced. Compared to PENSO, cooling over the Indian Ocean is much reduced. These features are in agreement with EHP induced atmospheric warming (e.g., Meehl et al. 2008) . The strong warming in the middle to upper layers of the troposphere near the Himalaya foothills (~30°N), as postulated by EHP is associated with rising warm moist air and increased condensation heating due to increased advection of warm moist air from the Indian Ocean and Arabian Sea. Indeed, Fig. 6c, d show that relative to PENSO, EHP induces a larger and deeper moist layer in the lower troposphere to middle troposphere over central and northern India (20-30 N) .
For PENSO (Fig. 6b) , increased easterly zonal wind shear is found in the region 5°N-20°N, with stronger near surface westerlies, indicating a strengthened large-scale monsoon during La Nina (Webster and Yang 1992) . The moistening of the troposphere in northern India appears to be coupled to strong drying over the northern Indian Ocean (0°-10°N). For EHP, as evident from the large-scale wind shear, the large-scale monsoon is also enhanced for high aerosol over northern India, although the enhancement is not as strong from the large-scale circulation perspective compared to PENSO. This is also seen in the weaker nearsurface westerly anomalies in EHP. However, it should be noted that the large-scale monsoon wind shear is affected not only by rainfall (latent heating) over Indian but also by rainfall outside of the India subcontinent, such as over Southeast Asia as in the case of PENSO (Webster and Yang 1992; Krishnamurti et al. 1981) . For rainfall over the Indian subcontinent, the EHP effect seems to have a stronger local impact than PENSO. Another major difference between PENSO and EHP is that low-level easterlies are more well-developed over the northern India, near the foothills regions. These low level easterlies could play an important role in bringing moisture from the Bay of Bengal to and initiating heavy rain events over the Himalayan foothills and northwest India (Lau and Kim 2012) .
Combined impacts ENSO and EHP
As shown in the scatter diagram in Fig. 4 , El Nino years with low NAI values and La Nina years with high NAI values are well-separated. In this section, we select the La Nina years with high NAI values (1988, 2000, 2008) and El Nino years with low NAI values (1982, 1983, 1997, 2005) to examine the combined effects (COM), and possible mutual amplification of ENSO and EHP. The COM anomalies is obtained as the difference between composites for these two sets of years. For simplicity, only the MayJune composites are shown. The anomalous precipitation and wind patterns induced by the combined effect exhibit features that bear strong similarity to EHP (Fig. 7a) except that the zone of significant increased rainfall is much larger and the magnitude is much enhanced compared to EHP and PENSO alone. Similar to EHP, strongly developed zonal westerly anomaliesare found over 5°-15°N extending from 50°E-120°E. Under COM, the atmospheric warming over the Himalayas and the Tibetan Plateau are strongly enhanced (>2.5 °C over extensive region in the upper troposphere) and extend to the surface of the Tibetan Plateau (Fig. 7b) . The warm-above-cool-below tropospheric temperature dipole over central and northern India becomes very well developed. These results imply that the EHP can mutually modulate and amplify the ENSO effects on summer monsoon rainfall the India subcontinent.
The regional rainfall anomalies in EHP, PENSO and COM are likely associated with changes in convective potential (Wang et al. 2009b; Wang 2013) , as reflected in the anomalies of the low-level moist static energy (MSE). The MSE anomalies computed at 850 hPa for each of the three cases are shown in Fig. 8 (contour line) . Clearly, under PENSO, remote large-scale forcing from La Nina is associated an increase in MSE over northern Indian and the Himalaya foothills. However, the most pronounced signal is the reduced MSE over extensive regions of the Indian Ocean, the Arabian Sea, and the southern Bay of Bengal, as well as the Arabian Peninsular. The inverse relationship between convective potential, and hence rainfall variations over northern India land region, and the oceanic regions to the south are consistent with previous work on intrinsic modes of interannual rainfall variations of the Indian monsoon (Lau et al. 2000) . For EHP, the region of positive MSE (increased convective potential) is more expansive compare to PENSO, spanning not only northern India and the Himalaya foothills, but also the entire subcontinent, including the adjacent oceans of the Arabian Sea and the Bay of Bengal. Under COM, the convective potential over the Indian subcontinent is even more enhanced and expansive, as evident in the large positive MSE over northern India and the IGP, and much of the Arabian Sea and the Bay of Bengal. A decomposition of the different terms in the expression for MSE = C p T + Lq + gz, for PENSO, EHP and COM (Fig. 8) shows that the largest contribution to change in MSE is from the moisture term (Lq), much smaller contribution from temperature (C p T) and negligible amount from potential energy change (gz). Note that the first two terms of MSE tend to oppose each other, especially in EHP and COM. However, the positive contribution from the moisture term overcomes the negative contribution from the temperature term (C p T), especially over northeastern India. This suggests that that increase in low level convective instability due to enhanced moisture transport from the Indian Ocean prevails to overcome the stabilization effect due to solar dimming from aerosol and clouds. It is also possible that that the warm/dry and stable condition over the Middle East/West Asia during La Nina in May-June may increase the residence time of dust aerosols in the atmosphere, leading to sustained heating of the atmosphere and strengthening of the prevailing monsoon low-level southwesterly flow (Vinoj et al. 2014; Lau 2014) . The enhanced low level flow allows more moisture transport into northern India, and amplifies the ENSO influence through the EHP effect.
The possible amplification and regional modulation of ENSO impacts on Indian monsoon rainfall by EHP can be further quantified by examining the changes in rainfall over northern India (70°-95°E, 20°-25°N) and the Himalayan foothill region (15°-95°E, 25°-30°N) for the early (May-June) and the peak (July-August) monsoon. As shown in Fig. 9 , for PENSO May-June, rainfall over both regions are increased by approximately 20-21 %, due to the large-scale remote forcing associated with La Nina, but with minimal aerosol impact. For EHP with minimal ENSO impact, rainfall is also increased at a slightly higher percentage of 22-25 %. For COM, increase in rainfall at 25-35 % is significantly more pronounced compared to PENSO. In all cases, the May-June rainfall increase in northern India is stronger than in the foothills region. The changes are highly significant exceeding 1 % confidence level, especially for EHP and COM, based on Student's t test. Interestingly, in July-August, PENSO does not have a significant impact on rainfall over the two regions (Fig. 9b) , whereas EHP increases (decreases) rainfall in the foothills (northern India) at about 5 %. In COM, when EHP combined with ENSO effects, rainfall over the foothill regions is further enhanced (~14 %), marginally significant at 10 % confidence level, while over northern India, the reduction remained at approximately 5 %. It should be pointed out that because of the intensity and total rain amount is much higher during the peak monsoon, the same percentage change in rainfall would mean a much larger absolute amount of rainfall. A 14 % increase in rainfall during the active monsoon spell in the foothill regions could spell major disaster. 
Summary discussion
In this study, we present observational evidence of amplification of ENSO influence on the Indian summer monsoon by, and regional forcing from absorbing aerosols via EHP and related feedback processes. Results are obtained based on high-minus-low composite analysis carried out separately for (a) PENSO, i.e., ENSO years with normal NAI over northern India, (b) EHP, i.e., years with NAI exceeding one standard-deviation, and (c) COM, i.e., combined effects of La Nina (El Nino) years and high (low) AOD years. Key findings include:
• On interannual time scales, La Nina (El Nino) is associated with high (low) AOD over northwestern India and the northern Arabia Sea, during the pre-monsoon period (April-May), indicative of desert dusts as the primary source of aerosols.
• During PENSO La Nina years, the Indian monsoon is strengthened with increased rainfall over northeastern India in May-June, in association with an enhanced meridional circulation with anomalous rising motion, over northern India and anomalous sinking motion over southern India and the North Indian Ocean.
• During EHP years, the basic response is similar to PENSO, except that the magnitude of the anomalous rainfall and rising motion is stronger over the Himalaya foothills and the Bay of Bengal in May-June.
The increased rainfall appears to be associated with, increased moisture transport from the Arabian Sea and Indian Ocean to northern Indian and the Bay of Bengal by way of well-organized large-scale low-level cyclonic circulation encompassing the entire Indian subcontinent and adjacent oceans. This is followed by a weakened monsoon with suppressed rainfall, and reduced low level westerlies over the Indian subcontinent in July-August, consistent with a scenarios postulated by EHP and related effects Meehl et al. 2008 ).
• Under the combined effects of ENSO and strong EHP forcing in COM, the increased rainfall in May-June over northern India and the Himalayas foothills are substantially amplified compared to PENSO and EHP. Specifically, May-June rainfall over the Indo-Gangetic Plain is increased by 25-30 %, compared to ~20 % for PENSO. In July-August, rainfall over the Himalayan foothills increases by 14 %, but slightly reduced over the eastern IGP, compared to no significant signals during PENSO.
The key findings suggest that the EHP effect by absorbing aerosol may play an important role in amplifying the ENSO influence on the Indian monsoon. The present results are also consistent with previous findings (Vinoj et al. 2014; Lau 2014 ) that on fast time scales (1-2 weeks) the build up of aerosols over northern Indian and the Arabian Sea in the pre-monsoon season is likely to be from long-range transport of dusts from deserts of the Middle East, and West Asia regions. These dust aerosols are strong absorbers of solar radiation, especially when coated with fine black carbon aerosols as they pass over densely populated and highly industrial complex of the Indo-Gangetic Plain (Srivastava Fig. 9 Changes in precipitation (color bars) induced by the PENSO, EHP, and combined (COM) effects for a May-June and b July-August. Vertical error line bars represent mean standard error of change in precipitation. Green denotes the Himalayan foothills (25°-30°N, 75°-95°E); yellow denotes the Indo-Gangetic Plain (20°-25°N, 75°-95°E) and Ramachandran 2012; Kedia et al. 2014) . As a result, strong heating of the atmosphere by the mixture of dust and black carbon can induce or trigger EHP-like diabatic heating feedback, altering the subsequent evolution of the Indian monsoon (Lau et al. 2009 ). Additionally, the emission of dust aerosols from the desert surface, and their transport to northern India are strongly dependent on strength of the southwest monsoon winds, which are also strongly influenced by ENSO . Since the EHP effects are highly nonlinear, requiring aerosol concentration over the IGP and the foothills regions to build-up to a critical loading, such that the anomalous heating from EHP can overcome the stability effect due to the aerosol semi-direct effect, it is possible that the ENSO may serve as an important forcing agent that operates as a triggering mechanism for the EHP effect during the pre-and early monsoon season. Once, the trigger is activated, the EHP and related feedback processes including aerosol microphysics effects may further modulate the Indian monsoon response to ENSO forcing. The EHP effect, being intrinsically fast (days to weeks) atmospheric processes, will be in quasi-equilibrium with, and contribute to the changing coupled atmosphereland-ocean system in the monsoon regions, manifesting in regional ENSO-aerosol feedbacks on seasonal, interannual and possibly climate change time scales.
For individual years, the main features identified from the composite can be seen, but not as clearly as in the composite. It is because of possible influence factors on interannual variability of the monsoon rainfall. These include case-by-case differences in ENSO strengths and evolutions, and associated dust and moisture transport, phase and amplitude of the Indian Ocean Dipole (IOD), local sea surface temperature anomalies and feedbacks, snow cover over Eurasia, as well as natural variability (Achuthavarier et al. 2012; Cherchi and Navarra 2013) . Thus it should be noted that the impact of specific factor for each individual year cannot be isolated easily due to uneven interference of other factors.
On the other hand, there are several works about an obvious weakening of the Indian Summer Monsoon (ISM)-ENSO relationship in the late 1970s which is related to mean state change (Krishna Kumar et al. 1999) , impact of Indian Ocean Dipole (Ashok et al. 2004) , change in the SST anomaly pattern in equatorial Pacific (Krishna Kumar et al. 2006; Ashok et al. 2007) , and many others. Recently, Wu et al. (2012) showed that ENSO-ISM relationships depend on three types of ENSO influences on the ISM and there is the observed weakening in the ISM-ENSO relationship around the late 1970s in the type of DJF and JJAS cases which is corresponding to coherent influence of both the preceding winter and concurrent summer eastern equatorial Pacific SST anomalies. It is not clear whether the observed weakening is linked to EHP effect because this study focused on ENSO-EHP links. This topic should be explored as a challenging topic along with global warming and associated dryness/wetness including IOD-EHP links in the future study.
